The phasor method of treating fluorescence lifetime data provides a facile and convenient approach to characterize lifetime heterogeneity and to detect the presence of excited state reactions such as solvent relaxation and Förster resonance energy transfer. The method uses a plot of M sin(U) versus M cos(U), 0003-2697/$ -see front matter Ó
where M is the modulation ratio and U is the phase angle taken from frequency domain fluorometry.
A principal advantage of the phasor method is that it provides a model-less approach to time-resolved data amenable to visual inspection. Although the phasor approach has been recently applied to fluorescence lifetime imaging microscopy, it has not been used extensively for cuvette studies. In the current study, we explore the applications of the method to in vitro samples. The phasors of binary and ternary mixtures of fluorescent dyes demonstrate the utility of the method for investigating complex mixtures. Data from excited state reactions, such as dipolar relaxation in membrane and protein systems and also energy transfer from the tryptophan residue to the chromophore in enhanced green fluorescent protein, are also presented.
Ó 2010 Elsevier Inc. All rights reserved.
Fluorescence methodologies are increasingly used in the chemical, physical, and biological sciences. This increase in popularity is due to improved instrumentation as well as novel probe chemistries and, in biological applications, to the introduction of molecular biological methodologies, including recombinant fluorescent proteins. During recent years, the use of fluorescence in analytical applications has grown in importance and is commonly used to detect and characterize sample heterogeneity in many chemical, physical, and biological systems. Examples of such applications in chemistry include analysis of dissolved organic matter (e.g., polycyclic aromatic hydrocarbons) in air particulates [1, 2] , in human hair [3] , in oil and water samples [4] , in foods [5] , and in coal-derived extracts [6] . Fluorescence heterogeneity analysis has also been applied in studies of nanotechnology [7] , surface chemistry [8] , and bacteria identification [9] , whereas in biological fields fluorescence heterogeneity analysis is important in many areas such as studies of intrinsic protein fluorescence [10, 11] , biological membranes [12, 13] , nucleic acids [14] , and calcium gradients [15] . Traditional approaches to detecting and evaluating heterogeneous emitting samples include the use of excitation and emission spectra, such as excitation-emission matrices (EEMs) 1 [16, 17] , and synchronous scanning methods [18] . In addition to steady state fluorescence parameters, excited state lifetimes are also important in quantification of the nature and extent of sample heterogeneity [19, 20] . An interesting recent example of the use of steady state and time-resolved fluorescence to characterize the heterogeneity in a mixture of fluorophores was presented by Smyk et al. [21] , who studied the fluorescence from borage oils that contain polyunsaturated fatty acids. The purpose of their study was to establish, using spectroscopic methods as opposed to chromatographic ones, the presence of polyunsaturated fatty acids of varying extents of conjugation.
Excited state lifetimes have traditionally been measured using either the impulse or harmonic response method, also known as the ''time domain'' or ''frequency domain'', respectively [19, 20, 22] . In principle, both methods have the same information content because they can be interconverted using Fourier transforms [23] . In the impulse method, the sample is illuminated with a short pulse of light and the intensity of the emission versus time is recorded.
FRET, Förster resonance energy transfer; FLIM, fluorescence lifetime imaging microscopy; EDTA, ethylenediaminetetraacetic acid; DENS, 2-diethylamino-5-naphthalenesulfonic acid; LAURDAN, 6-dodecanoyl-2-(N,N-dimethylamino)naphthalene; IAEDANS, 5-[(2-iodoacetyl)-amino]naphthalene-1-sulfonic acid, sodium salt; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; EGFP, enhanced green fluorescent protein; SUV, small unilamellar vesicle; FWHM, full-width half-maximum; TNS, 2p-toluidinyl-6-napthoyl-4 0 -cyclohexane carboxylic acid; DANCA, 2-dimethylamino-6naphthoyl-4 0 cyclohexane carboxylic acid; ANS, 1-anilinonaphthalene-8-sulfonate; UV, ultraviolet.
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Analytical Biochemistry j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y a b i o Modern laser sources can now routinely generate pulses with widths on the order of picoseconds or shorter. In the harmonic method (also known as the phase and modulation approach), a continuous light source is typically used, such as a CW laser or xenon arc, and the intensity of this light source is modulated sinusoidally at high frequency. Often an electro-optic device, such as a Pockels cell, is used to modulate the light source. Alternatively, light-emitting diodes (LEDs) or laser diodes can be directly modulated [24] . Frequency domain methods have also been realized using the harmonic content of pulsed sources [25, 26] .
Both the time domain and frequency domain methods provide information on the excited state decay of a fluorophore. Data analysis of a fluorophore with a single lifetime component is straightforward. More sophisticated data analysis, such as fitting to a specific decay model or using the model-independent maximum entropy method [27] , is required when the emission is heterogeneous. Emission heterogeneity could be due to the presence of multiple fluorophores (each giving rise to different exponential decays), excited state processes (e.g., solvent relaxation or Förster resonance energy transfer [FRET]), or nonexponential decays due to processes such as transient quenching. Models used to fit multiexponential decays are usually based on discrete exponential components or continuous distribution functions [10, 19, 20 ]. An alternative model-less approach to fluorescence lifetime determinations, called the phasor plot method, was introduced in 1984 by Jameson et al. [28] . A few years later, the phasor approach was used to correct phase and modulation lifetime measurements for background fluorescence [29] . The phasor approach to fluorescence lifetime analysis was largely dormant until recently, when several laboratories resurrected this approach and applied it to microscopy, for example, for studies on live cells using fluorescence lifetime imaging microscopy (FLIM) [30] [31] [32] [33] [34] [35] [36] . These FLIM/ phasor studies (also termed AB or polar plots) have largely been focused on FRET systems, although recently they have been applied to study and characterize cell autofluorescence [37] . The phasor approach has not, however, been used extensively for cuvette studies, although some quenching studies in cuvettes have appeared [38] . In the current study, and in an accompanying article, we explore the application of the phasor method to cuvette studies and demonstrate its ability to evaluate and characterize fluorescence heterogeneity with in vitro samples to distinguish excited state reactions and to monitor photophysical processes.
Experimental

Brief theory of frequency domain fluorometry
In frequency domain fluorometry, a continuous wave light source, such as a laser or xenon arc lamp with a Pockels cell or directly modulating LED or laser diodes, is typically used to excite the sample; this light source is sinusoidally modulated at high frequencies (typically from hundreds of kHz to hundreds of MHz) such that the excitation intensity is described by
where E(t) and E(0) are the excitation intensities at times t and 0, respectively, M E is the modulation of the excitation (M E = AC E / DC E ), and x is the angular modulation frequency (equal to 2pf, where f is the modulation frequency). The fluorescence emission will then consist of an intensity that is also sinusoidally modulated having the same frequency as the excitation light but shifted in phase and demodulated. If the fluorescence decay is a single exponential, e Àt/s , where s is the fluorescence lifetime, the sinusoidal fluorescence emission is described by
where F(t) and F(0) are the fluorescence intensity at times t and 0, respectively, M F is the modulation of the fluorescence (M F = AC F / DC F ), and / is the phase delay of the fluorescence emission. The measured components in the frequency domain are the phase delay between excitation and emission (/) and the demodulation, which can be related to the lifetime using the following equations:
where s p and s m are the phase and modulation lifetimes, respectively. For a fluorescent system that has only a single lifetime, these values will be identical. In the case of a system with multiple lifetimes, the measured s p will be less than the measured s m . The relationship between / and squared amplitude (M 2 ) for a mixture of sinusoidal components is described below (the derivations can be found in Refs. [23, 39] ):
where f i is the fractional photocurrent of the ith component with modulation M i and phase / i . (Note that in the case of frequency domain measurements, the intensity fraction corresponds to the fraction of the photocurrent at the particular modulation frequency used and should not be confused with the preexponential function typically used in time domain fluorometry.)
Phasor plots
Jameson et al. [28] described a method of graphically representing phase and modulation data that we have redrawn in Fig. 1A . In this figure, the vector has a length equal to the modulation (M) and makes an angle with the x axis equal to the phase delay (/). The x and y coordinates of this vector are derived from Eqs. (5) and (6), and using Weber's notation [23] ,
For a single-exponential decay, this vector describes a semicircle of radius ½ with a center at (1/2, 0) due to the relationship
Therefore, a fluorophore characterized by a single lifetime will always give rise to a phasor point that falls on this semicircle, typically referred to as the universal circle (Fig. 1A) . The phasor points for fluorophores that decay with multiple or nonexponential lifetimes are constrained within the universal circle, as described by Eqs. (7) and (8) . The location of the phasor point for heterogeneous emitting systems, or multiple single lifetime fluorophores, is the intensity-weighted average of the separate lifetime decay components as described below ( Fig. 1B) :
The derivations of the equations and graphical representation have been described previously [28, 29, 32, 36 ]. In a system containing two decay components, the phasor point will be located on the line between the individual decay vectors weighted by the intensity of each component. Therefore, lifetime heterogeneity within a system will place the phasor point within the universal circle, as illustrated in Fig. 1B . Although up to this point the mathematical treatment for converting data to a phasor plot has been given using the frequency domain method (which is the method used in this study), raw data from the time domain method can also be analyzed via phasor plots [35] . The equations used to transform the data to the phasor plot from the raw time domain data, originally presented by Weber [23] , are GðxÞ ¼
ð12Þ where x can be chosen as the repetition frequency of the pulsed excitation source or another value that depends on the kinetics of the excited state process under investigation. We have outlined a script in MATLAB that can be used to convert/visualize time domain data as a phasor plot in Appendix A. We note that calculations of phasors from frequency or time domain data are carried out by the Globals for Images (aka Sim FCS) software package from the Laboratory for Fluorescence Dynamics (http://www.lfd.uci.edu).
Materials and methods
Materials
Rhodamine B, dimethyl POPOP, Hepes, NaCl, ethylenediaminetetraacetic acid (EDTA), p-terphenyl, fluorescein, spectrophotometric-grade ethanol, and glycerol were purchased from Sigma-Aldrich (St. Louis, MO, USA). 2-Diethylamino-5-naphthalenesulfonic acid (DENS) was synthesized by the method of Weber [40] . 6-Dodecanoyl-2-(N,N-dimethylamino)naphthalene (LAUR-DAN) and 5-[(2-iodoacetyl)-amino]naphthalene-1-sulfonic acid, sodium salt (IAEDANS) were obtained from Invitrogen (Carlsbad, CA, USA). 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was obtained from Avanti Polar Lipids (Alabaster, AL, USA). Enhanced green fluorescent protein (EGFP) was a generous gift from Joseph Albanesi.
Vesicle formation
Small unilamellar vesicles (SUVs) were prepared by mixing DMPC (in chloroform/methanol) with the fluorescent dye LAURDAN dissolved in methanol such that the final concentration of lipids was 1 mM and the dye-to-lipid ratio was approximately 1:200. (The concentration of LAURDAN was determined using a molar extinction coefficient of 20,000 M À1 cm À1 (362 nm) [41] .) The mixture was dried for 10 min under nitrogen and then kept under vacuum for approximately 2 h. The dried lipid film was dissolved in 10 mM Hepes (pH 7.4) with 150 mM sodium chloride and 2 mM EDTA, heated to 30-35°C, and vortexed for 2 min. The cloudy solution was sonicated for 15 min in a G112 SPIT sonicator bath (Laboratory Supplies, Hicksville, NY, USA), resulting in an optically clear solution. The samples were stored at 4°C and used within 3 days.
Multifrequency lifetime measurements
Fluorescence lifetime measurements were obtained on a Chro-nosFD Spectrofluorometer (ISS, Champaign, IL, USA). Fluorophores were excited with a 280-nm LED, a 375-nm laser diode, or a 471-nm laser diode with polarizers on the excitation and emission side set to magic angles [42] . The bandpass filters FF01-280/20-25, F01-375/6-25, and FF01-482/18-25 (Semrock, Rochester, NY, USA) were placed after the corresponding excitation source to eliminate spurious light, and the emission was observed through a 420-, 470-, or 525-nm longpass filter. A circulating water bath (Fisher Scientific, Pittsburgh, PA, USA) was used to maintain the temperature. p-Terphenyl dissolved in ethanol (1.05 ns), dimethyl POPOP dissolved in ethanol (1.45 ns), and fluorescein dissolved in 0.01 M NaOH (4.05 ns) were used as lifetime references [20] .
TNS decay when bound to apomyoglobin
This section involves the reanalysis of data reported previously [43] . Briefly, lifetime data were obtained on a multifrequency phase and modulation fluorometer [44] with modulation frequencies between 10 and 150 MHz. Samples were excited at 327 nm, and emission was monitored through a 510 (±2)-nm interference filter (10 nm full-width half-maximum [FWHM]). 2-p-Toluidinyl-6-napthoyl-4 0 -cyclohexane carboxylic acid (TNS, Molecular Probes, Eugene, OR, USA) was added to apoprotein at a molar concentration of less than 1:50 (probe/protein) to minimize nonspecific binding.
Results and discussion
Mixtures of fluorophores
One of the original motivations of this work was to develop a method that could be used to study mixtures of fluorophores for analytical purposes, that is, to be able to facilely compare different mixtures in such a way that differences in the fluorophore composition would be readily apparent. As mentioned above, a mixture of two monoexponential fluorophores with different fluorescence lifetimes, or a fluorophore characterized by a multiexponential decay, will produce a phasor point within the universal circle, indicating lifetime heterogeneity. The theoretical basis of the phasor plot analysis indicates that this measured phasor point will be located on a line between the points of the individual fluorophores or single-exponential components. Therefore, when three dyes are combined in solution, the resulting phasor point should be found constrained within a triangle that has vertices defined by the location of the phasor of the individual dyes. Binary and tertiary fluorophore mixtures were studied using fluorophores in ethanol with widely separated lifetimes, namely DENS (fluorescence lifetime s = 29.9 ns), IAEDANS (s = 5.3 ns), and Rhodamine B (s = 1.7 ns). Fig. 2 shows the phasor data at 20 MHz of each individual fluorophore (black dots), solutions containing a mixture of two dyes (DENS/IAEDANS, DENS/Rhodamine B, and IAEDANS/Rhodamine B), and a mixture of all three dyes. As expected, the individual fluorophore's phasor points are located along the universal circle, whereas the phasor points corresponding to mixtures of any two dyes fall on a line between the points on the universal circle corresponding to the individual dyes. For the mixture of the three dyes, the phasor point is located within the triangle defined by the three dual fluorophore mixture lines. The linearity of the summation of multiple fluorescing species (Eqs. (10) and (11)) makes the phasor method suited to the investigation of complex mixtures. We should note, from Fig. 2 , that a quantitative extrapolation of exponentials can be used if the location of one component in a mixture is known. If the phasor point of a binary mixture of single-exponential decays is inside the universal circle, and if one of the single-exponential components is known, then the lifetime value of the second component can be determined from the intercept, on the universal circle, of the line between the mixture and the known phasor point. The fractional contribution of each species can be calculated from the relative distance between the phasor point of the pure species and that of the mixture. This analysis can, in theory, be extended to multiple species with multiple lifetime components provided that enough phasor points have been determined. In other words, for the previous case of a binary mixture where one lifetime value is known, this leaves two unknown quantities (s 2 and f 2 ; recall that f 1 = 1 À f 2 ) with two independent measurements, resulting in a perfectly determined system of equations. As more unknown quantities arise for more complex samples (with more lifetimes and fractions), more modulation frequencies would be required to determine these additional parameters. However, the errors associated with these measurements can significantly decrease the accuracy of these determinations [45] . We also note that these types of considerations, and the effect of Gaussian lifetime distributions on phasor points, have been discussed by Redford and Clegg [32] .
The effect of modulation frequency on the location of the phasor point was also examined. As the modulation frequency is in-creased, the measured data should have both a decrease in M and an increase in the U, causing the phasor point to move counterclockwise along/within the universal circle. Fig. 3 demonstrates this change in the position of the phasor points for the fluorophore mixtures DENS, IAEDANS, and Rhodamine B when the frequency is increased from 15 MHz (circles) to 30 MHz (triangles). Because frequency domain data are typically obtained using numerous (10-15) modulation frequencies, one can choose among a set of phasor points to find the modulation frequencies that lead to the optimal placement or separation of the phasor points for the particular application. Therefore, the use of widely spaced modulation frequencies could be used in turn to selectively weight one of the fluorescing species in an unknown mixture. Such selection would provide information regarding the phasor locations of each species in the solution.
Dipolar solvent relaxation
In the presence of excited state reactions, such as dipolar solvent relaxation and FRET, phasor data points can fall outside of the universal circle [32] . Alterations in the emission properties of a fluorophore can occur in response to solvent dynamics. In the ground state, fluorophores often have a permanent dipole moment, the strength and direction of which depend on the structure and electronic aspects of the molecule. Immediately after the absorption of a photon, electronic reorganization within the molecule occurs, often resulting in a dipole moment with a different orientation and magnitude. As such, solvent molecules possessing dipoles in proximity to the excited fluorophore dipole are no longer in an equilibrium state and will reorient about the excited state dipole to decrease the energy of the system. If the time of this solvent dipole rearrangement is comparable to or shorter than the excited state lifetime, then solvent reorientation will result in a red shift of the emission, that is, to a lower energy excited state. The time required for the solvent molecules to rearrange depends on the polarity and viscosity of the solvent, with higher viscosity solvents taking longer times to reach their minimum free energy states. In frequency domain fluorometry, solvent relaxation is characterized by an increased phase delay of the emission from the relaxed state relative to emission from the unrelaxed state due to the time it takes for the surrounding solvent molecules to reorient around the newly created excited state fluorophore dipole [46] . This phase delay can result in movement of the phasor point to a position outside of the universal circle. A family of naphthalene-based fluorophores-LAURDAN, and 2-dimethylamino-6-naphthoyl-4 0cyclohexane carboxylic acid (DANCA), designed by Weber [47]-are characterized by particularly large excited state dipoles, and this renders them well-suited to causing dipolar relaxation in appropriate systems.
Dipolar relaxation in vesicles
Dipolar relaxation can occur in heterogeneous systems such as membranes and proteins where the ''solvent'' molecules are lipids (or water molecules that penetrate into the lipid phase) and amino acid residues, respectively. In these cases, the presence of relaxation processes can provide an indication of the underlying dynamics of the biomolecule under investigation. An example of such relaxation processes for probes embedded in DMPC SUVs is the emission spectra of LAURDAN over a range of temperatures (data not shown). At temperatures below the transition temperature (23°C [48] ), the emission maximum is approximately 440 nm, whereas at higher temperatures, the maximum shifts to approximately 480 nm. At 30°C, there is a broad peak from 450 to 475 nm, demonstrating the presence of both gel and liquid crystalline phases. In the case of the LAURDAN/DMPC system, the spectral shifts are attributed to the fact that the liquid crystalline lipid phase allows penetration of the water molecules into the bilayer, which is responsible for the dipolar relaxation mechanism [49, 50] .
Inspection of the LAURDAN/DMPC phasor plot (Fig. 4) shows that the phasor points corresponding to data collected using the 470-nm filter are completely outside of the universal circle, indicative of a dipolar solvent relaxation mechanism. When the entire LAURDAN emission is collected using the 420-nm longpass filter, the phasor points lay along or very close to the universal circle, indicating that the nonrelaxed emission dominates the observed decay. Using the 470-nm longpass filter, the collected emission is weighted primarily from the molecules that undergo dipolar relaxation and the location of the phasor points outside of the universal circle is more pronounced. However, the points above 25°C show a clear trend above the universal circle, indicating the presence of an excited state event. We should note that the LAURDAN phasor data presented here support the dipolar relaxation models for LAURDAN/vesicle systems [49, 50] as opposed to other models [51] . In principle, the phasor plots allow calculation of the rates of dipolar relaxation processes in such systems, but this analysis is beyond the scope of the current study.
TNS with apomyoglobin
Fluorescent molecules, such as 1-anilinonaphthalene-8sulfonate (ANS), TNS, and DANCA, have been used in a number of protein systems to investigate dynamic characteristics of the protein matrix [43, [52] [53] [54] . In the excited state, the dipole moments of such fluorophores associated with proteins can cause rearrange-ments of charges and dipoles in the protein matrix, for example, due to charged or polar amino acid side chains or even the dipoles associated with the peptide bonds. If the dynamics of the protein allows for dipolar relaxation of the protein matrix, then distinct alterations in the fluorophore's emission properties can result, analogous to the case of dipolar relaxation of solvent molecules described above. Bismuto et al. [43] compared the emission properties of TNS associated with both sperm whale and tuna apomyoglobin to ascertain whether this probe revealed differences in the heme-binding sites of these phylogenetically related proteins. In the original publication, it was documented that the phase and modulation lifetimes for TNS/tuna myoglobin decreased with increasing frequencies, indicative of heterogeneous emitting population, whereas for TNS/sperm whale myoglobin the phase lifetime became longer than the modulation lifetime with increasing frequency (going negative at the highest frequency). This latter case was concluded to be an excited state reaction, specifically dipolar relaxation within the heme-binding pocket. Time-resolved data could not detect the presence of dipolar relaxation in TNS/tuna myoglobin despite steady state fluorescence data that suggested its presence. The authors concluded that although dipolar relaxation is likely occurring in both proteins, the structural heterogeneity in the heme-binding pocket of tuna myoglobin produces some microenvironments that are not favorable to dipolar relaxation of the TNS molecule.
The phase and modulation data of TNS with apomyoglobin from Bismuto et al.'s study [43] are reproduced in Fig. 5 using the phasor approach. The resultant phasor plot shows distinct differences between the two data sets, with the tuna TNS/apomyoglobin data entirely within the universal circle. TNS in a homogeneous isotropic solvent decays with a single exponential; thus, the multiexponential decay of the tuna apomyoglobin is suggestive of different populations, and hence lifetime heterogeneity, of local probe environments. Although there may be dipolar relaxation in this system, the lifetime heterogeneity keeps the phasor points within the universal circle. In the case of TNS bound to sperm whale apomyoglobin, however, many of the phasor points are outside of the universal circle, and hence an excited state reaction, attributed to dipolar relaxation, is evident. The heterogeneity in the phasor points of TNS/tuna myoglobin suggests multiple conformations of TNS when bound as compared with when bound to sperm whale myoglobin. Thus, it can be concluded that there is more flexibility in the pocket of tuna myoglobin. These conclusions are in line with those made by Bismuto et al. [43] .
Energy transfer
FRET is one of the most popular fluorescence techniques in the biological sciences [19, 20] . Unlike the crystallographic technique, Fig.4 . LAURDAN in DMPC vesicles. Circles and triangles represent data collected for temperatures between 5°C (left) and 55°C (right), with 5°C intervals, at modulation frequencies of 55 MHz (circles) and 57 MHz (triangles). Excited at 375 nm; emission was viewed through 420-nm (circles) and 470-nm (triangles) longpass filters. Fig.5 . Phasor data for sperm whale TNS/apomyoglobin (circles) and tuna TNS/ apomyoglobin (triangles) adducts (modulation frequencies from 10 to 150 MHz [right to left]). Phase and modulation data were taken from Ref. [43] .
FRET can provide structural information rapidly and facilely in solution, at low concentrations, and has the potential to report on intermediate or short-lived conformations of proteins [55, 56] . Changes in the fluorescence emission from a donor molecule, measured by either the steady state or time-resolved method, in the absence and presence of an acceptor fluorophore (either different from or identical to the donor) can, in turn, be used to estimate distances [19] , although the method is subject to caveats such as the precise orientation of donor and acceptor. FRET between a donor, with a single lifetime component, and an acceptor molecule will result in a shortening of the donor lifetime. In a phasor plot, this circumstance will cause the phasor point of the donor to move along the universal circle [35, 57] . If there is an unequal ratio of donor to acceptor (donor > acceptor), then a small number of donors will maintain the original lifetime, producing a heterogeneous decay. Phasor analysis of such a sample would produce a point with a shorter average lifetime than the donor alone; however, the point would fall inside the universal circle. Alternatively, the acceptor decay can be monitored through direct excitation or through transfer from an excited donor. Any difference between the phasor points of the acceptor, directly excited or from donor transfer, would be the result of energy transfer. The decay from the acceptor, after energy transfer, should be longer than if the acceptor were directly excited due to the time delay from absorption by the donor, energy transfer between the donor/acceptor pair, and the subsequent emission from the acceptor. This delay is manifested as a lengthening of the measured phase, and such a delay will move the phasor point outside of the universal circle (see, e.g., Refs. [57, 58] ). Fig. 6 shows the phasor points associated with the visible emission (>525 nm) from EGFP, excited with both visible (471 nm) and ultraviolet (UV, 280 nm) excitation, as a function of modulation frequency (16-300 MHz). As is evident for the phasor plot, 471 nm excitation results in phasor points corresponding to single-exponential decays; that is, the points are all on the universal circle. On the other hand, 280 nm excitation, which will directly excite the single tryptophan residue (as well as the tyrosine residues) in addition to some direct excitation of the EGFP chromophore, results in phasor points that are all outside of the universal circle. Hence, although some of the visible chromophores may be directly excited at 280 nm, there is enough tryptophan-to-chromophore energy transfer to move the phasor point outside of the universal circle. This observation is consistent with the observation by Visser et al. [59] on energy transfer in a fluorescent protein. This demonstration illustrates the utility of the phasor method to visualize photophysical processes and to provide insights into excited state kinetics that are often difficult to obtain by other methods. We note that FRET efficiencies can also be calculated, in principle, from phasor data; the Globals for Images (aka Sim FCS) software mentioned earlier carries out these calculations.
Reproducibility
We established, through simulations, data, and test samples, that in our instrument the statistical errors between individual phasor measurements are on the order of ±0.005 for both G and S values (data not shown). We can then have confidence that movement of the phasor point by approximately 0.01 on the G or S axis constitutes a statistically significant change.
Conclusion
We have demonstrated that the extension of the phasor method from FLIM to cuvette measurements provides a method that complements other approaches and that, in some cases, provides insights that would otherwise be difficult to obtain. In particular, the method allows facile analysis of sample heterogeneity and ready identification of excited state processes such as dipolar relaxation and FRET. In our next article, we will specifically demonstrate the application of the phasor method to protein studies, including protein-ligand and protein-protein interactions as well as protein unfolding. M_cor = sqrt(G_ref.^2+S_ref.^2)./M_ref; ph_cor = -atan2(S_ref,G_ref)+ph_ref; %calculate data phasor Gn=0; Sn=0; area=0; for bin = 1:length(decay)-1 Gn = Gn + decay(bin). * cos(w * delta_t. * (bin-.5)) * delta_t; Sn = Sn + decay(bin). * sin(w * delta_t. * (bin-.5)) * delta_t; area = area + (decay(bin) +decay(bin+1)). * delta_t./2; end Gdec = Gn./area; Sdec = Sn./area; G = (Gdec. * cos(ph_cor) -Sdec. * sin(ph_cor))./M_cor; S = (Gdec. * sin(ph_cor) + Sdec. * cos(ph_cor))./M_cor; %Plot phasor point and universal circle theta = 0:0.01:pi; plot(0.5+0.5 * cos(theta),0.5 * sin(theta)); axis([0 1 0 1]); axis square; hold on; xlabel( 0 G 0 ) ylabel( 0 S 0 ) plot(G,S, 0 b *0 )
The above code calculates the phasor location of a known reference decay curve or the instrument response function (IRF) and then determines the transformation of the point to the appropriate phasor point ((1,0) for the IRF). This transformation consists of a correction to the amplitude (modulation) and a rotation about the origin (phase). The reference decay curve is the complete decay curve of a compound with a known single-exponential lifetime, for example, fluorescein in 0.01 M NaOH (4.05 ns) or p-terphenyl in ethanol (1.05 ns). Note that, unlike the background subtraction method in the frequency domain, this correction method is not an addition or subtraction of a phasor vector but rather a rotation and rescaling of the phasor.
